Abstract: Novel pH sensitive carboxymethyl (CM) chitosan/acrylic acid hydrogels were prepared. CM-chitosan and acrylic acid (AA) in aqueous solution were copolymerized and crosslinked by using vinyltriethoxysilane (VTESi). Different amounts of AA and crosslinker were incorporated in CM-chitosan/AA hydrogel. IR analysis confirmed the presence of pyranose ring as well as Si-O-Si linkage within the hydrogel. Thermogravimetric analysis showed an increase in the stability of hydrogel either having high AA ratio or high crosslinker ratio. The swelling of the hydrogels was carried out by investigating the effect of time, pH (buffered and nonbuffered) and ionic media. In non-buffered media the overall swelling was found to be high as compared to buffered media. Maximum swelling was observed in hydrogel having mass ratio of 7.0 (AA : CM-chitosan). This hydrogel showed low swelling in low pH similar to that of the stomach and high swelling in neutral pH similar to that of the small intestine and can be used in drug delivery applications.
Introduction
Hydrogels are lightly crosslinked networks of hydrophilic polymer chains, which can retain large amount of water within its structure but do not dissolve into it. Polymers from natural, synthetic or semi-synthetic sources can be used for preparing hydrogels. It involves crosslinking of either linear polymers or simultaneous polymerization and crosslinking of monomers with polyfunctional monomers [1] [2] [3] [4] . The most effective hydrogels are obtained from polymers having dissociative ionic functional groups [5] . The presence of ionic groups in the hydrogel structure changes its charge state against changes in pH and ionic strength of the medium. The superabsorbent properties of polymeric hydrogels have been commercially exploited in hygiene products, agricultural and site specific controlled drug delivery applications. Hydrogel containing AA shows superabsorbent properties and have been reported to be used in water purification, drug delivery applications etc [6] [7] [8] . The swelling capacity of these hydrogels is affected by many factors like degree of ionization, percent crosslinking, hydrophilicity, pH and ionic strength.
CM-chitosan, a water-soluble form of chitosan, shows high viscosity, large hydrodynamic volume, biocompatibility, film and gel forming abilities. These properties make it more acceptable to be used in food and healthcare products [7] . Silane having different functional groups is used to crosslink and bind polymers as well as biomaterials [9] . The aim of present work is to synthesize hydrogel based on CM-chitosan and AA and crosslink by VTESi. VTESi as crosslinking agent. It is much safer as compared to previously reported crosslinking agents such as N,N'-methylenediacrylamide, divinylsulfone, 1,6-hexanedibromide and glutaraldehyde etc [10] [11] [12] . Different amounts of AA have been copolymerized with CM-chitosan at different degrees of crosslinking. Swelling behaviour of these hydrogel systems in distilled and demineralized water have been studied. In addition, the swelling response of hydrogel against pH (buffer and nonbuffer) and ionic media has also been studied in detail. Based on this study, we can synthesize the hydrogel according to our requirement and nature of the application.
Results and discussion
Hydrogel samples were prepared by copolymerization of CM-chitosan in the presence of AA and VTESi using KPS as initiator. Varying amounts of VTESi were used which affected the crosslinking density of the hydrogel samples. VTESi was selected due to the presence of vinyl group (to be used during copolymerization reaction) and -OH groups which later led to condensation reaction. The proposed mechanism for synthesis of CM-chitosan/AA hydrogel is shown in scheme 1. Gel contents of all prepared hydrogel samples are shown in Table 1 . It can be seen from this table that A0 has 51 % gel contents which decreased drastically to 15% (in A1) when CM-chitosan was incorporated into AA using 1 % VTESi. Incorporation of 2 % of VTESi in A3 gave maximum gel contents of 69%. While using 1% crosslinker, further increase in AA amount gave 49% gel content. Earlier work showed that AA is the main component that polymerized and crosslinked and addition of CM-chitosan acts as crosslinking inhibitor [13] [14] [15] . space in its structure which in turn increased its water absorption/retention ability. At high temperature, A1 hydrogel sample was broken and difficult to strain. This behaviour might be due to its low gel content as previously discussed.
Infrared spectroscopic (IR) analysis
Fig . 1 shows the IR spectra of hydrogels and CM-chitosan. This figure shows that absorption peaks at 1510 cm -1 and 1719 cm -1 confirmed the -NH + 3 and COOH groups respectively [9] . Peaks for the pyranose ring at 889 cm -1 confirmed the presence of CM-chitosan in all hydrogel samples, except for A0 which has no CM-chitosan. Silane linkage was confirmed from IR spectra of crosslinked hydrogel samples. Peaks in the range of 1100 and 1020 cm -1 were present in all samples except in CMchitosan confirmed the presence of Si-O-Si. 
Thermogravimetric analysis
TG curves of hydrogel samples are shown in Fig. 2 . This figure shows a three step decomposition of hydrogel samples.
Fig. 2. TG curves of A0, A1, A2 and A3 hydrogels
First step involved the decomposition of CM-chitosan and in second step decarboxylation of polymer network took place. In final step, thermal degradation of remaining polymer chains took place. Low temperature stability was observed when CM-chitosan was incorporated into acrylic acid, whereas, high temperature stability was found when crosslinker amount was increased from 1 % to 2 %. The percent weight loss of hydrogel samples at different temperatures is shown in Table 3 
Swelling response of hydrogel in water
The properties of ionic polymer such as charge, concentration, pKa of the ionizable groups etc, influence the swelling ratio [16] . For practical applications, the response and performance of hydrogel against time and swelling media (pH and ionic strength) are very important. Time dependent swelling response of crosslinked hydrogels having different concentration of AA and crosslinker is studied and results are shown in Fig. 3 . The change in the amount of AA in hydrogel affects the swelling ratio as observed in Fig. 3 . High swelling ratio was observed in case of A1 as compared to A2 which might be due to high hydrophilicity of CM-chitosan as compared to AA. The presence of CM-chitosan modifies the average pore size and pore size distributions within the hydrogel.These are important factors of the hydrogel matrix that determines its swelling characteristics. The diffusion mechanism of water in the hydrogel can be determined by using the following equation:
where 'F' is the fractional uptake at time 't' (h) and 'k' is a constant incorporating characteristic of the polymer network and the solvent whereas, 'n' is the diffusion exponent, which is indicative of the transport mechanism [17] . Plot of ln F against ln t for A1 hydrogel is shown in Fig 4. As the value of n less than 0.5 indicates the diffusion of water into the hydrogels was Fickian in nature. 
Swelling response of hydrogel in buffered and non-buffered media
It is well known that swelling or deswelling response against pH change is a typical phenomenon of polyelectrolyte hydrogels as compared to hydrogels obtained from non-ionic polymers [15] . This pH sensitivity of the hydrogels is believed to play an important role in bio-medical applications. In this work, the swelling behaviour of hydrogels against change in pH (ranges from 1.0 -13.0) was studied in buffered and non-buffered media and the results are shown in Fig. 5 and 6 respectively.
-Swelling response of hydrogel in buffer media Fig. 5 shows the swelling ratio of the hydrogel as a function of pH of the buffer solution. This figure exhibits a small increase in the swelling of all hydrogels, when pH is increased from 1.0 to 5.0. Further increase in pH shows a peak at pH 6.0 in case of A0, A1 and A2 hydrogel. Low swelling was observed in all hydrogels at higher pH (>8). The pKa value of poly-acrylic acid is 4.7, which shows that its carboxylic groups become ionized at pH value above its pKa. At low pH, protonation of amino and carboxylic groups took place in the hydrogel, whereas at pH 6.0, both -NH + 3 and -COO‾ ions were present. The presence of -NH + 3 (in protonated form) or -COO‾ (in deprotonated form) ionic groups change the charge density on polymer network [5] . These ionized groups within the hydrogels are being attracted and repelled by each other and also by solvent molecules which favours the high swelling of the hydrogel. In acidic environment, the increase in swelling was due to conversion of -NH 2 groups (present in CM-chitosan) into -NH + 3 groups, which increased the charge density of the hydrogel. The electrostatic repulsion among -NH + 3 groups increased the osmotic pressure inside the hydrogel, hence, swelling increased. At pH<3.0 the -NH + 3 groups get shielded by screening effect of counter ions (Cl − ) and repulsion get decreased causing low swelling. In pH range of (4.0 -7.0) both amino and carboxylic groups were present in non-ionized forms, which increased the hydrogen bonding in the hydrogel. This result in an increase in the compactness and hydrophobicity of the hydrogel network hence, a decrease in swelling was observed [18] . At higher pH values, the carboxylic acid groups become ionized and the electrostatic repulsive force between the charged sites causes increase in swelling. Above pH 9.0 a screening effect of the counter ions (Na + ) limits the swelling of the hydrogel. Earlier work showed similar behaviours in their hydrogels [10, 19] . In comparison high swelling ratio of all hydrogel samples was observed in non-buffered media than in buffered media. This high swelling in non-buffered media can be rational to its low ionic strength.
Swelling response of hydrogel in electrolyte solution
Different concentrations of NaCl have been used to see the effect of electrolyte concentration on swelling of hydrogel and the results are shown in Fig. 7 . This figure shows that swelling decreased as the concentration of NaCl increased in the solution. It was due to the fact that an increase of the ionic strength of the solution leads to a decrease in the swelling ratios of the hydrogel [20] . In water, the hydrogel has maximum osmotic pressure, hence, the maximum swelling, but when the hydrogel is placed in NaCl solution the osmotic pressure is lower due to Na + and Cl − ions. This phenomenon was observed in the swelling of ionic hydrogels and attributed to a charge screening effect of the additional cations causing a non-perfect anion-anion electrostatic repulsion. This led to a decrease in osmotic pressure difference between the hydrogel network and the external solution [21] . 
Conclusions
This study showed that CM-chitosan/AA hydrogel can be modified according to the requirement by changing the amount of monomer and crosslinker. The increase in the amount of monomer or crosslinker in CM-chitosan/AA lowers its swelling ratio. Infrared spectra confirmed the presence of silane linkage. TGA data showed that increased stability was achieved for hydrogel having either high AA ratio or high crosslinker. High swelling in non-buffered media and low swelling in buffered media confirmed that the prepared hydrogels were pH sensitive. Maximum swelling was observed in hydrogel having mass ratio of 7.0 (AA : CM-chitosan). This hydrogel shows low swelling at low pH similar to that of the stomach and high swelling in neutral pH similar to that of the small intestine and can be used for drug delivery application.
Experimental part

Materials
CM-chitosan was prepared from chitosan in the laboratory, using standard method [22] . Acrylic acid (AA, Sigma Aldrich), was used after vacuum distillation. Potassium persulphate (KPS) and vinyltriethoxysilane (VTESi) from Sigma Aldrich were used as received. All other chemicals were of analytical grade.
Preparation of hydrogel
CM-chitosan (0.5 g) was dissolved in water (30 mL), in a beaker fitted with magnetic stirrer. The solution was transferred into a glass reactor and different quantities of 75 % neutralized AA were added into this solution, followed by the addition of VTESi. Afterwards 0.1 g of KPS was added to this mixture and allowed to stir for 4 h at 60 ºC. The resultant solution was transferred into plastic dishes and vacuum dried at 50 ºC. After drying it was removed in the form of a film [5] . Hydrogel compositions are specified in Table 4 . 
Infrared analysis
Infrared spectra were recorded using FT-IR spectrophotometer (Thermo Electron Corporation, Nicolet 6700) using ATR technique. The spectra were scanned from 4000-500 cm -1 .
Thermal gravimetric analysis
TGA was carried out by using Mettler Toledo, TGA/SDTA851 e . The samples were heated under nitrogen atmosphere (40 mL/minute) at heating rate of 20 ºC/minute, upto maximum of 500 ºC.
Gel content
Gel fraction was measured gravimetrically by weighing the insoluble part of hydrogels, obtained after the extraction of hydrogels in distilled water using soxhlet appratus for 8 h. The remaining gel was vacuum dried to constant weight at 50 ºC.
Gel fraction (%) = W g /W 0 × 100 (2) where W g (g) is the weight of dry hydrogel after extraction and W 0 (g) is the initial dry weight of the hydrogel film.
Swelling measurements
The water uptake studies of hydrogel was carried out by taking a known amount of dried hydrogel sample (~ 0.1 g) and immersed in excess of swelling medium at 25 ºC ±0.1 ºC and allowed to soak till equilibrium swelling was achieved. This swollen hydrogel was weighed after the excess surface water was removed through a filter paper. The time dependant swelling as well as equilibrium swelling was calculated using following equation:
where W s (g) and W d (g) are the weights of the swollen and dry gel sample, respectively.
Swelling in buffer, non-buffer and salt solutions
Buffer solutions of pH 1.0-13.0 were prepared by using standard method. Non-buffer solutions of pH 1.0-13.0 were prepared from the dilution of stock solutions of HCl (pH = 1.0) and NaOH (pH =13.0) using distilled water.
